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With a projection of nearly doubling up the world population by 2050, we need wide variety of renewable 
and clean energy sources to meet the increased energy demand. Solar energy is considered as the leading 
promising alternate energy source with the pertinent challenge of off sunshine period and uneven worldwide 
distribution of usable sun light. Although thermoelectricity is considered as a reasonable renewable energy 
from wasted heat, its mass scale usage is yet to be developed. Here we show, large scale integration of 
nano-manufactured pellets of thermoelectric nano-materials, embedded into window glasses to generate 
thermoelectricity using the temperature difference between hot outside and cool inside. For the first time, 
this work offers an opportunity to potentially generate 304 watts of usable power from 9 m 2 window at a 
20 °C temperature gradient. If a natural temperature gradient exists, this can serve as a sustainable energy 
source for green building technology. 



Thermoelectricity is considered as one of most interesting alternate clean energy sources. Its application 
ranges from large-scale power generation using wasted heat from industrial processes, vehicle exhaust, and 
spacecraft 1 . It is quiet in operation, highly reliable and typically can harvest energy as long as a reasonable 
temperature gradient exists. Thermoelectricity is generated when two dissimilar temperature regions are joined 
by a pair of thermocouples made up of suitable thermoelectric materials. Thermoelectric materials hence convert 
the thermal gradient into thermoelectricity. Several factors influence the physics: thermoelectric properties 
(Seebeck coefficient, thermal conductivity and electrical conductivity) and temperature difference between the 
hot and cold zones. The figure of merit for a thermoelectric material is generally expressed by: 



ZT- 



(° s2 / k y 



Where ZT is the figure of merit, S is the Seebeck coefficient, 6 is electrical conductivity, k is thermal conductivity 
and Tis temperature difference. Since 1950s, researchers have focused on increasing the ZT above 1. Thermal 
conductivity k is comprised of a lattice component k L and an electronic component k e . With this intriguing 
relationship, any attempt to increase the electrical conductivity, therefore, results in thermal conductivity incre- 
ment too. Therefore, the progress in thermoelectric materials from the perspective of making a game changer 
transformation is still limited. 

At the same time, evolution of nanotechnology has opened up new frontiers such as low dimensional quantum 
dots and super-lattices and mechanical alloying of thermoelectric materials. They have resulted in lower thermal 
conductivity while retaining the electrical conductivity and Seebeck coefficient. Venkatasubramanian et. al. have 
achieved the highest reported ZT of 2.4 in p type Bi 2 Te3/Sb 2 Te3 super lattices at 300K 2 by growing phonon 
blocking electron transmitting hetero-structures by low temperature metal organic chemical vapor deposition 
(MOCVD) technique. Harman et. al. used molecular beam epitaxy (MBE) to grow PbSeTe/PbTe quantum dot 
super-lattices with ZT of 1.6 at 300K 3 . Poudel et. al. used BiSbTe nano- crystalline bulk materials made by hot 
pressing nano-powders ball milled from crystalline ingots to reduce the thermal conductivity due to phonon 
scattering at the grain boundaries resulting in a ZT of 1.4 at 373K 4 . Most of these methods use either expensive 
process technologies such as MOCVD and MBE or use energy intensive processes. 

While the search for improved ZT is continuing, we have explored a novel idea to leverage the existing 
thermoelectric materials and nano -manufacturing techniques to generate thermoelectricity from naturally exist- 
ing temperature difference between solar heated outside and relatively cool inside of buildings especially in the 
geographic locations which experience lengthy summer or reasonably higher temperature like 30°C or above. 
Nearly 50% of the world population experiences such average temperature. In addition to thermoelectric 
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generation during the hot day time, our thermoelectric nano-mate- 
rials embedded window glasses can generate appreciable thermoel- 
ectricity even during off sunshine hours to serve as supplemental 
clean energy source. 

The major challenge with such approach is the window glass (or 
the "in between' interface) itself. In the past, reported thermoelectric 
generators using micro -fabrication techniques include either a late- 
ral or a vertical design but they are fabricated on one side of the 
interface 5 " 9 . With conventional vertical designs, several um thick 
thermocouples are possible. Although with lateral designs longer 
thermocouples are possible however their placement through a solid 
interface such as window glass is not practical. Therefore, we have 
hot pressed nano -materials ball milled from commercially purchased 
thermoelectric materials to make thermoelectric pellets. Next, we 
made holes inside 5 mm thick glass and inserted those pellets peri- 
odically. Finally we used copper based interconnects to connect them 
to complete the thermoelectric generators. Our initial experimental 
result with only 4 pellets shows 0.1 12 uW of power at a temperature 
gradient of 23.5°C with bismuth telluride (Bi x 75 Te 3 . 2 5) and antimony 
telluride (Sb 2 Te 3 ) alloyed with sulfur as n and p-type materials, 
respectively. This work projects nearly 304 watts of seamless power 
generation from 9 m 2 window at a 20 °C temperature difference if the 
best reported thermoelectric materials are used 410 . 

For our demonstration we have chosen commercially available 
Bii 75 Te 3 .25 an d Sb 2 Te 3 (Beijing Cerametek Materials Inc.). At first, 
we prepared two sets (ball milled) by loading Sb 2 Te 3 and Bij 75 Te 3 2 5 
in separate planetary ball mill jars with ball to powder ratio of 15:1 
and were subjected to 24 hours of ball milling at 300 rpm. The next 
two sets (sulfur added) were alloyed with 6% sulfur and then were 
ball milled same as the first two sets. We made stainless steel molds 
with 5 mm inner diameter to match the exact diameter of the holes 
drilled in window glasses. The 5 mm mold design eliminates the 
unnecessary delay involved in cutting smaller pellets out of a large 
tablet pressed using conventional large sized dies. The mold also 
resulted in vertical pillar like pellets pressed to the thickness that is 
equal to thickness of the window glass. Next we retrieved the vertical 
pellets 5 mm to 7 mm long. All six different samples (ball milled 
nano -materials, sulfur added ball milled nano -materials and as pur- 
chased thermoelectric powders) were prepared by pressing at 320 °C 
at 100 MPa for 1 hour using Carver bench top heated press - a less 
energy intensive tool. 



We used inductively coupled plasma - optical emission spectro- 
scopy (ICP-OES), x-ray diffraction (XRD), scanning electron micro- 
scope (SEM), and transmission electron microscope (TEM) to study 
the physical characteristics of the thermoelectric materials. 

Results 

ICP - OES results of all the six samples verified the elemental 
composition and ratios of each element present in the samples. 
Minor variations observed in the compositions of the main ele- 
ments (Bi, Sb and Te) are due to the effect of ball milling. In order 
to validate the fidelity of the ICP - OES, all the samples were cross 
examined with x-ray flourescence (XRF). The XRF results closely 
matched with that of the ICP - OES. We believe the thermoelectric 
properties of the ball milled samples can be further modulated by 
increasing the sulfur content 10 . XRD pattern for all six samples 
show that ball milling decreased the size of the as-purchased 
powders (Fig. la, b). SEM pictures of the six samples confirm 
the XRD results (Fig. 2a, b, c, d, e, f). The TEM samples prepara- 
tion required polishing followed by ion milling. The TEM images 
confirm uniform crystallinity and particle size agreeing well with 
the XRD results (Fig. 3a, b). 

We characterized the thermoelectric properties of the samples 
independently before integration into the window glasses. The 
Quantum Design™ Physical Properties Measurement System 
(PPMS) was used for these measurements. We mounted 5 mm long 
pellets on the sample puck for thermal transport measurements. We 
used two-probe techniques to obtain the Seebeck coefficient and 
thermal conductivity of the samples. We measured the electrical 
conductivity of the pellets using four-probe AC resistivity option 
in PPMS by soldering copper wires to the top face of the pellets. 

Electrical resistivity of as -purchased, ball milled and sulfur added 
samples of Bi x 75 Te 3 . 25 shows that the electrical resistivity of the as- 
purchased sample is the highest while it is lower for the ball milled 
and sulfur added samples due to higher carrier concentration 
(Fig. 4a). Electrical resistivity of as-purchased, ball milled and sulfur 
added samples of Sb 2 Te 3 shows a similar trend as that of the 
Bi x 75 Te 3 25 with as-purchased samples having the highest resistivity 
values compared to the ball milled and sulfur added samples due to 
lower carrier concentration (Fig. 4b). Seebeck coefficient of as-pur- 
chased, ball milled and sulfur added samples of Bi x 75 Te 3 25 shows 
that the as-purchased sample has the highest Seebeck coefficient as 
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Figure 1 | X-ray diffraction analysis of as purchase, ball milled and ball milled sulfur alloyed Bi x . 75 Te 3 . 25 and Sb 2 Te 3 . In case of Bi : 75 Te 3 25 , the peaks for 
all three samples have different intensities and widths with the as-purchased sample having the tallest and narrowest peak verifying that this sample has the 
largest particle size (a). The peaks for ball milled and sulfur added samples are also shifted relative to each other. The peak for sulfur added sample shows 
the smallest particle size which indicates that the individual sulfur powder that was added and ball milling does not reduce the particle size of Bi x . 75 Te 3 . 25 
powder to a value comparable to the size of individual sulfur powder particles. In case of Sb 2 Te 3 , the peak widths for ball milled and sulfur added samples 
are broadened relative to the peak for as-purchased sample verifying the size reduction with ball milling (b). Moreover the widths for ball milled and sulfur 
added samples closely overlap suggesting that ball milling reduced the particle size of Sb 2 Te 3 powders to a value equal to the size of individual sulfur 
powder particles. The inset is the close up of the major peaks centered near 27 degrees for Bi x . 75 Te 3 . 25 and around 28 degrees for Sb 2 Te 3 . 
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Figure 2 | Scanning electron microscopic images of as purchase, ball milled and ball milled sulfur alloyed Bix.75Te3.25 and Sb 2 Te 3 . 
In general the ball milled nano-materials are much smaller than the as-purchased micro-sized samples: Bi x .7 5 Te 3 .25 and Sb 2 Te 3 , respectively (a and d). 
The average particle size of ball milled Bi L 7 5 Te 3 .25 is slightly larger than the sulfur added samples (b and c). On the other hand, ball milled samples of 
Sb 2 Te 3 without sulfur have comparable particle size to the samples with sulfur added (e and f). 



expected for having the lowest electrical conductivity and carrier 
concentration (Fig. 4c). During thermal conductivity measurement, 
we observed significant decrease in the thermal conductivity for the 
ball milled and sulfur added nano-materials samples of Bi x 75 Te 3 . 2 5 
and Sb 2 Te 3 . 



To measure power generation, we placed the proto-type window 
glass with 4 thermoelectric pellets made up of Bi x 75 Te 3 . 2 5 and Sb 2 Te 3 
alloyed with sulfur between a glass slide and a heat sink and then 
placed on a hot plate (Fig. 5 inset). We applied thermal paste between 
each interface as an attempt to ensure all pellets were subjected to 






Figure 3 | Transmission electron microscopic images of ball milled Bi x . 75 Te 3 . 25 and Sb 2 Te 3 . TEM image showing the microstructure of pellet hot 
pressed from ball milled Bi 175 Te 3 . 2 5 sample (a). Inset shows sharp angular boundaries. Closer examination of the TEM results also shows the presence of 
smaller particles embedded inside the grains. These smaller particles may have been produced during hot pressing or may have been the results of non 
uniform ball milling. TEM image showing the microstructure of pellet hot pressed from ball milled Sb 2 Te 3 sample (b). Inset shows close packing of grains. 
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Figure 4 | Electrical and thermoelectric properties of as purchased, ball milled and ball milled sulfur alloyed Bix.75Te3.25 and Sb 2 Te 3 . Detail 
explanations of the characteristics are given in the main article. 



uniform heat flux. We carried out the electrical testing for various 
temperature gradients. We ramped up the hot plate temperature in 
uniform intervals with ample thermal delay to allow the opposite 
surface of the glass slide to attain a stable hot side temperature. The 
hot side temperature, T h , and cold side temperature, T c , were mea- 
sured using thermocouples placed on each side of the device. We 
found the measured output power for a temperature gradient of 
23.5°C is 0.112 uW. 

Discussion 

SEM pictures of the six samples show that the ball milled samples of 
Sb 2 Te 3 without sulfur have comparable particle size to the samples 
with sulfur added, whereas the average particle size of ball milled 
Bii 75 Te 3 .25 is slightly larger than the sulfur added samples. The TEM 
images show a slight increase in grain sizes with hot pressing can be 



seen from the TEM pictures. In case of Bi x 75 Te 3 . 2 5 the grains have 
sharp angular boundaries that can be responsible for boundary scat- 
tering of phonons resulting in lower thermal conductivity. The smal- 
ler entities observed in ball milled Bi x 75 Te 3 25 pellets compared to 
pellets formed from the as -purchased powders are believed to cause 
further rattling of phonons inside the system, lowering the thermal 
conductivity to smaller values with overall enhancement of figure of 
merit. TEM images of pressed pellet of Sb 2 Te 3 show fine grains that 
they are closely packed with circular shapes without any presence of 
smaller embedded particles. The circular boundaries are believed to 
have caused lesser scattering of phonons compared to the phonon 
scattering occurring in Bi x 75 Te 3 . 2 5 samples with angular grain 
boundaries. The effect of circular grains and the absence of embed- 
ded particles are evident from relatively smaller reduction in thermal 
conductivity in pellets pressed from ball milled powders of Sb 2 Te 3 
than the as-purchased counterpart compared to the difference seen 
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Figure 5 | Thermoelectric power output from the prototype window 
glass. The measured output power for a temperature gradient of 23.5°C is 
0.1 12 uW. The mold to make pellets are shown with the hammer (Inset a). 
In the prototype, a set of four ball milled followed by hot pressed 
Bi L 7 5 Te 3 .25 and Sb 2 Te 3 alloyed with sulfur nano-materials have been used 
as thermocouples (Inset b). Copper interconnect has been used for 
contacting the thermocouples. 

in the case of Bi x 75 Te 325 samples having angular boundaries and 
embedded particles. 

Electrical resistivity of as-purchased, ball milled and sulfur added 
samples of Bi x . 75 Te 3 . 25 indicates that the ball milling induces donor 
like carriers in the powdered samples 11 . It is interesting to note that 
resistivity is higher for sulfur added sample as compared to the ball 
milled sample. We believe the difference in the particle size induced 
by sulfur addition resulted in slightly higher porosity during hot 
pressing causing an increase in the resistivity. The higher resistivity 
for sulfur added sample can also be attributed to suppressed carrier 
concentration with sulfur addition. Electrical resistivity of as -pur- 
chased, ball milled and sulfur added samples of Sb 2 Te 3 shows a 
similar trend as that of the Bi x 75 Te 3 25 (Fig. 4b). Since these two 
samples have comparable particle sizes, the resistivity is similar ini- 
tially but increases for the ball milled sample as the temperature 
increases in spite of having higher carrier concentration. The higher 
electrical resistivity for the ball milled sample is believed to be due to 
excess micro -structural refinement occurred during ball milling 12 , 
while potential barrier scattering at the grain boundaries may have 
been responsible for higher electrical conductivity in sulfur added 
samples in spite of having lower carrier concentration 13 . 

Seebeck coefficient of as-purchased, ball milled and sulfur added 
samples of Bi 175 Te 3 . 2 5 shows that the sulfur added sample having 
lower electrical conductivity due to slight difference in carrier con- 
centration compared to the ball milled counterpart shows relatively 
higher Seebeck coefficient (Fig. 4c). On the other hand, Seebeck 
coefficient of as-purchased , ball milled and sulfur added samples 
of Sb 2 Te 3 shows the Seebeck coefficient for the as-purchased and ball 
milled samples is quite similar whereas it is highest for the sulfur 
added samples (Fig. 4d). The low carrier concentration for the sulfur 
added sample has been responsible for the highest Seebeck coef- 
ficient. We also expect that potential barrier scattering effect at the 
grain boundaries may have played a role in deciding the Seebeck 
coefficient of Sb 2 Te 3 samples in addition to the carrier concentra- 
tions 13 . The potential barriers have the tendency of filtering the 
low energy carriers responsible for decreasing Seebeck coefficient. 
Elimination of these carriers resulted in an overall increase in the 
Seebeck coefficient of the sulfur added Sb 2 Te 3 samples. 

Thermal conductivity of as -purchased, ball milled and sulfur 
added samples of Bi 175 Te 3 . 2 5 shows (as expected) the as-purchased 



powders with largest particle size has the highest thermal conduc- 
tivity which reaches as high as 2.75 W/mK around 50 K, but inter- 
estingly as the sample reaches room temperature the thermal 
conductivity decreases down to a very low value similar to the sample 
with sulfur added to it (Fig. 4e). With the large particle sizes of as- 
purchased powders, the hot pressing may not have achieved secure 
packing of particles which may have the tendency to loosen once the 
sample temperature increases widening the pores inside the sample. 
It is understandable that the ball milled and sulfur added Bi x 75 Te 325 
samples have the lower thermal conductivities with the ball milled 
sample exhibiting values as low as 0.65 W/mK. These low values can 
be attributed to enhanced phonon scattering at the grain boundaries 
due to nano- scale size of particles achieved with ball milling. Thermal 
conductivity of as-purchased, ball milled and sulfur added samples of 
Sb 2 Te 3 shows that nano -structuring brings a two folds decrease in the 
thermal conductivity of ball milled sample at 50 K, while thermal 
conductivity of the sulfur added sample is reduced by a factor of 3 
(Fig. 4f). For higher temperatures this difference is less pronounced, 
but the nano -structured samples still have a considerably low value of 
thermal conductivity due to nano -sized particles and addition of 
sulfur, that may induce further defect sites causing a deflection and 
scattering of phonons across a wide range of energies. 

Although Seebeck coefficient for ball milled Bi L75 Te 325 nano- 
material is lower, the ZT for ball milled nano -material sample is 
higher than the sulfur added counterpart, due to higher power factor 
compared to the sulfur added sample (Fig. 4g). Moreover the ball 
milled sample has thermal conductivity which is 60% of the sulfur 
added sample, further enhancing the ZT of the ball milled sample. 
Thermoelectric figure of merit ZT for sulfur added Sb 2 Te 3 ball milled 
nano -material samples is the highest for having the highest power 
factor among all the samples, while the thermal conductivity of the 
sulfur added samples is also the lowest, all contributing to the 
increase in its ZT (Fig. 4h). For manufacturability purpose, we used 
moderate energy intensity. However, by more energy intensive pro- 
cess, the ZT factor can be significantly increased 14 . 

The difference between the theoretical and experimental results of 
the output power is due to the high contact resistance between the 
thermoelectric pellets and the copper interconnects which is of 
orders of magnitude higher than the cumulative resistance of all 
the thermoelectric pellets. Moreover the thermal resistance encoun- 
tered in interconnects and the silver paste results in significant ther- 
mal loss. The hot side of the experimental setup is actually at a 
temperature lower than indicated by the thermocouple. Therefore 
the actual temperature gradient is also lower than what is recorded by 
the thermocouples. We expect that the output power will be 
increased by three orders of magnitude by reducing the system res- 
istance. The system resistance can be considerably lowered by mak- 
ing interconnects between alternate thermoelectric pellets using 
deposition techniques such as sputtering or evaporation. It is to be 
noted we ran the experiments continuously for hours and with day 
breaks and observe the stable power generation. 

Our demonstration shows the successful functionality of a power 
generating interface which can use the temperature gradient between 
hot outdoor and relatively cold indoor of a building for generation of 
useful electric power. As an example, without compromising the 
original durability of a window glass, a 0.09 m 2 panel can accom- 
modate 2304 holes of 5 mm diameter with reasonable clearance 
between adjacent holes. Expanding the concept to a larger coverage 
area for a 5 mm thick glass, with Seebeck coefficient of 200 uV/K and 
-185 |iV/K considered for best p and n type thermoelectric materials, 
the power output is 304 watts for a 9 m 2 glass window. During the 
times when cooling systems are switched off, for a 100 m 3 room 
provided with a 9 m 2 thermoelectric window, it will take 18 minutes 
to 86 minutes, depending upon the heat transfer coefficient value of 
air in the range of 25 W/m 2 K to 5 W/m 2 K respectively, to raise its 
temperature from 20 Celsius to outside temperature value of 45 
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Table 1 | Comparison of thermal conductivities of various glasses and thermoelectric materials including the nano-materials used in this 
work 



Material 



Refe 



Thermal Conductivity (W/mK) 



Single Pane Window Glass 
Corning 7740 Glass 
Best known n type material 
Best known p type material 
Sb2Te3 + Sulfur 
Bi1.75Te3.25 Ball Milled 



[15] 

[16] 

[10] 

[4] 
This work 
This work 



1.1 

1.23 

1.1 

0.83 

0.64 



Celsius. The power generated during this duration, using an entirely 
natural temperature gradient, can be intelligently utilized either for 
powering up lighter loads or can be stored for later usage. Moreover, 
with the proposed system mainly intended for extremely hot cli- 
mates, we expect from our experience of common lifestyle in these 
regions, the rooms are continuously kept at moderate temperatures 
keeping cooling systems like air conditioners switched on, at least for 
the times inhabitants are present in the building. 

It might be questioned about the transparency of the window 
glasses. Typically it is needed to reduce the heat intake through 
window glasses (by making it tinted) in high temperature areas. 
Additionally in many citadels and Victorian architectures usage of 
colored non-transparent glasses are pretty common. So, intelligent 
design of the embedded thermoelectric system can in fact provide 
added aesthetic component in window glasses. Finally, in general 
bismuth telluride and antimony telluride based thermoelectric mate- 
rials have the same thermal conductivity as the regular window 
glasses. So, integration of such system will not increase the regular 
heat intake (Table 1). 

In summary, we have demonstrated thermoelectricity generation 
from window glasses utilizing the temperature difference between 
the solar heated outdoor and relatively cold indoor of a building. To 
do so, we have integrated nano -manufactured thermoelectric pellets 
through drilled holes inside the glass. These pellets are hot pressed 
from ball milled nano-materials of Bij 75 Te 3 . 2 5 and Sb 2 Te 3 . We have 
also explored the possibility of modulating the thermoelectric prop- 
erties of the nano -powders by addition of 0.6% sulfur to each of the 
powder matrix in order to improve the thermoelectric performance 
of our power generating windows. The ball milled samples without 
the addition of sulfur show the highest figure of merit for Bi x 75 Te 3 . 2 5> 
whereas sulfur addition renders highest figure of merit to Sb 2 Te 3 . 
Reducing the system resistance by using deposition techniques like 
sputtering for interconnecting the thermoelectric legs, orders of 
magnitude increase in power density can be achieved. Our work 
on thermoelectric windows provides a complimentary source of elec- 
tric power to main stream power grid sources capable of running 
even during sun shine hours or in absence of air- conditioner as long 
as acceptable temperature difference exists between the outside and 
inside environment of the building. 

Methods 

Nano-materials synthesis. In order to prepare nano-materials, commercial available 
micro-sized powders of each alloy (Sb 2 Te 3) Bi : . 75 Te 3 . 2 5) were purchased from Beijing 
Cerametek Materials. Four different sets of nano-materials were prepared, two sets by 
loading Sb 2 Te 3 and Bi x 75 Te 3 25 in separate planetary ball mill jars with ball to powder 
ratio of 15:1 and were subjected to 24 hours of ball milling at a speed of 300 rpm. 
Remaining two sets of nano-materials of each alloy were prepared by adding 0.6% 
sulfur by weight to each of the as-purchased alloy powders and were subjected to 
similar ball mill conditions as the previous two sets. 

Hot pressing pellets. Custom made stainless steel molds were fabricated with 5 mm 
comparable inner diameter to the exact diameter of the holes drilled in glass windows. 
The maximum height of the molds was 30 mm. Each mold was provided with a 
corresponding pressing hammer or a rod such that initially the rods may stay at least 
3 cm out of the cylinder initially and then goes inward once powder starts to press 
(Fig. 5 inset). The mold rests on a stainless steel base plate. 



Physical characterization of thermoelectric nano-materials and pressed pellets. 

Compositions of the as-purchased and sulfur mixed samples were analyzed using 
inductively coupled plasma - optical emission spectroscopy (ICP-OES) (Varian 720 - 
ES), particle size of as prepared, ball milled and sulfur mixed powders were measured 
with x- ray diffraction (XRD) (Bruker D8 Advance), structural characterization of 
powdered samples were carried out using scanning electron microscope (SEM) (FEI 
Quanta 600), and transmission electron microscope (TEM) (FEI Titan) was used for 
structural characterization of the pressed pellet samples. 

Thermoelectric pellet fabrication. Vertical pellets 5 mm to 7 mm long with 
diameters of 5 mm were retrieved for each type of powders. All six samples were 
prepared by pressing at 320°C at 100 MPa for 1 hour using Carver bench top heated 
press. Additional pellets were pressed to serve as the thermoelectric elements in the 
subset device for large scale thermoelectric window. In addition to ease of 
characterization, pressing and retrieving longitudinal pellets facilitate seamless 
insertion of these thermoelectric elements into holes, with diameters comparable to 
that of the pellets, drilled in glass or plastic end product. 

Thermoelectric window prototype fabrication. A window glass of thickness 5 mm 
was prepared with a row of 4 drilled holes with diameter of 5 mm and center spacing 
distance of 9 mm. These holes were filled alternately with hot pressed pellets of Sb 2 Te 3 
plus sulfur alloy and Bi x 75 Te 3 2 5 constituting the complimentary n and p type legs of a 
thermoelectric generator. The length of the pellets was first grounded to 5 mm using a 
rotary tool fitted with sand paper discs in order to make the length of the pellets 
precisely equal to the thickness of the glass. The diameter of the pellets was 5 mm 
which fitted exactly through the holes. The n and p type pellets were connected in 
series with custom built dog bone shaped copper interconnects using silver paste. 

Electrical characterization. To measure power generation, the proto-type device was 
placed between a glass slide and a heat sink and then placed on a hot plate. Thermal 
paste was applied between each interface as an attempt to ensure all pellets were 
subjected to uniform heat flux. Electrical testing of the slide was carried out for 
various temperature gradients. The hot plate temperature was ramped up in fine 
intervals with ample thermal delay to allow the opposite surface of the glass slide to 
attain a stable hot side temperature. The hot side temperature, T h , and cold side 
temperature, T c , were measured using thermocouples placed on each side of the 
device. 

Thermoelectric characterization. The thermoelectric properties of powder samples 
were also characterized independently before integration into the subset Plexiglas 
slide. The Quantum Design™ Physical Properties Measurement System (PPMS) was 
used for these measurements. Pellets of 5 mm long were mounted on the sample puck 
(Figure 3) for thermal transport measurements. Two - probe technique was used to 
obtain the Seebeck coefficient and thermal conductivity of the samples. Heater, T 1 , T2 
and cold foot were contacted to a pair of gold coated copper discs, which were 
attached to the top and bottom faces of the pellets using a two part epoxy which was 
cured on a hot plate at 150°C for 5 minutes. Electrical conductivity of the pressed 
pellets was measured using four probe AC resistivity option in PPMS by soldering 
copper wires to the top face of the pellets. 
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